enzymatic kinetic diversity of Apr was more likely to correlate with sulfur fractionation than DsrB. We 50 propose that, above a threshold alpha diversity value, the influence of the specific composition of the 51 microbial community responsible for generating an isotope signal is overprinted by the control exerted 52 by environmental variables on microbial physiology. 53 3
Introduction 54 55
During microbial sulfate reduction (MSR), lighter isotopologues of sulfur are reduced at a 56 greater rate than heavier ones, resulting in sulfide isotopically enriched in light isotopes of sulfur 57 relative to the source sulfate (1). Variations in biologically mediated fractionation result from 58 environmental differences including sulfate concentration, electron donor type and concentration, and 59 temperature (2-9). These variables influence cell-specific sulfate reduction rate (csSRR), and a 60 frequently observed relationship between csSRR and sulfur isotope fractionation (Fig. 1A) has been 61 used to interpret the environmental conditions associated with the time and place of sulfate reduction 62 (10). Tracking biological fractionation of sulfur isotopes through interpretation of mineralized sulfur 63 compounds provides a metric of biogeochemical activity and the role of microbial metabolisms in the 64 cycling of sulfur, both in modern and ancient environments (11). Strikingly, measured differences in 65 environmental sulfur isotope fractionation are only ever interpreted in terms of environmental controls, 66 despite strong evidence for species-specific isotope enrichment effects ( Fig. 1B )(12-14). There is no 67 known relationship between microbial diversity and isotopic fractionation. This potentially confounds 68 environmental interpretations of the sulfur isotope rock record, given the multitude of contemporary 69 microbes capable of MSR and the lack of techniques to establish which, if any, of these genotypes were 70 present and active at the time an isotope fractionation signal was generated. In the last decade, research 71 has shifted towards exploring species-specific physiological contributions to the extent of isotope 72 fractionation (15-17), but studies approaching the problem from the opposite direction, interrogating 73 entire communities, are lacking. 74
Experimental work has confirmed the prediction from ecological theory that environments with 75 greater species richness will maintain a greater biomass and exhibit a greater net rate of respiration (i.e. 76 carbon respired per time (Fig. 1C) (18, 19) . However, while net respiration increases with species 77 richness, respiration per biomass in more species-rich environments can decrease if species exhibit 78 functional redundancy (Fig. 1C) (20, 21) . This is relevant to our system because of the inverse 79 relationship between csSRR and isotope fractionation (Fig. 1A) (1). More species-rich environments 80 typically bear a greater complexity of organic matter, and increasing complexity of organic matter 81 utilized in sulfate respiration leads to lower csSRR and higher fractionation (22) . Given the greater 82 extent of fractionation exhibited by SRM reducing sulfate at low rates, and the greater influence on net 83 fractionation by these organisms (Fig. 1A) , we predicted communities with a greater diversity to be 84 positively correlated with net fractionation of sulfur isotopes, irrespective of csSRR within that 85 environment, though the shape of that trajectory is expected vary based on the nature of metabolic 86 redundancy (Fig. 1D) . 87
Our prediction rested on two premises: First, increasing diversity of an environment does not 88 favor organisms with greater csSRR within that environment (which would drive net fractionation to 89 lower values) and second, when the diversity of an environment increases, SRM with lesser csSRR 90 reduce a greater number of sulfate molecules than SRM with a greater csSRR compared to the previous 91 population. Both of these premises are illustrated by the equation below where [SRM] is the abundance 92 of any new SRM contributing to an increase in community species richness, e is the species-specific 93 fractionation of sulfur isotopes and csSRR is the cell-specific rate of sulfate reduction. 94 95 96
97
These premises are untested and results that do not support our prediction might be attributed to one or 98 both of them. 99
The goal of this study was to investigate the role of a microbial diversity, in a natural setting, on 100 the net fractionation of sulfur isotopes. A sediment transect from a hypersaline Arctic spring with 101 perennial and consistent geochemistry (23) was chosen to explore these questions. This spring harbors 102 a known low diversity of SRM where individual contributions to net fractionation by a given gene type 103 are expected to be more pronounced (24). We collected geochemical data along a transect extending 104 from the spring's outlet to 20 m downstream. From the same sediments, we measured in situ SRRs, 105 multiple isotopes of sulfur, and SRM diversity. We sequenced the canonical microbial diversity 16S 106 rRNA gene, as well as the gene dsrB that encodes the beta-subunit of the SRM key enzyme 107 dissimilatory sulfite reductase (25), which catalyzes initial steps in the reduction of sulfite to sulfide 108 (16,26). The DsrAB enzyme cleaves three of the four S-O bonds of the respired sulfate molecule and 109 has been proposed to act as an isotopic bottleneck in sulfate reduction, suggesting changes in the 110 diversity of the gene dsrB might disproportionately influence fractionation (1,27). 111
Methods 112 113

Site description 114
Samples were collected from the largest of the Gypsum Hill springs (spring GH4) on Axel 115
Heiberg Island, Nunavut (Fig. 2) . The geochemistry of the spring over more than a decade has been 116 relatively constant (23). The spring's outlet water is perennially cold (4.2-6.9 °C), circumneutral pH 117 (7.4), hypersaline (75-82 ‰), near anoxic (<6 µM dissolved oxygen), and reducing (−320 to −285 118 mV). Microbial culturing and molecular characterization of the spring outlet sediments have identified 119 bacterial and archaeal taxa and genes associated with aerobic and anaerobic heterotrophic and 120 autotrophic metabolisms, including sulfur and sulfate reducing bacteria, methanogens and 121 methanotrophs (24,28,29). Samples and measurements for this study were taken from the spring outlet 122 (Outlet, 0 m) and from channel stations at 1, 4, 8, 12, and 18 m downstream (Channel 1-5). 123
124
Sediment and pore water measurements 125
Pore water measurements were taken at 3 cm sediment depth from each sampling station and 126 included temperature, pH, and concentrations of dissolved oxygen, sulfide, and organic carbon. 127
Oxidation-reduction potential, concentrations of pore water nitrate, nitrite, ammonia, thiosulfate, ferric 128 iron, phosphate, and sediment total carbon and nitrogen were assessed from the outlet and a single 129 channel station, 8 m downstream of the outlet (Channel-3). For chemical analyses, sediment pore water 130 was collected into syringes through microfiltration (0.12 µm) membrane tubing inserted into the 131 sediment and assessed for dissolved ions immediately upon recovery. Pore water samples for dissolved 132 organic carbon measurement were filtered through GF/F filters, acidified and transported in pre-133 combusted glass vials. Sediments for solid phase carbon and nitrogen were collected with a sterile 134 spatula into polypropylene tubes. were extracted with hot HCl and precipitated as above. Following collection of trapped ZnS from the 161 acid distillation, and without removal from the distillation apparatus, sediments were extracted for 162 chromium reducible sulfides (CRS) as above. Both decanted supernatant from this acidic chromium 163 extraction, as well as residual sediments were separately extracted with Thode solution in the same 164 manner as the BaSO4 precipitated above. Ag2S from all samples was reacted in the presence of excess 165 fluorine gas for 12 h in a Ni reaction vessel heated to 250℃. The SF6 generated by the reaction was 166 first purified by removing non-condensable by-products of the reaction by cryo-separation at −120℃. 167 A second purification was carried out by passing the SF6 through a GC column with ultrapure He as the 168 carrier gas at a rate of 20 mL min −1 . SF6 was isolated from residual contaminants and the carrier gas by 169 trapping on a −192℃ cold trap as the carrier gas was pumped out. The isotopic composition of the 170 purified SF6 was determined on a dual inlet isotope ratio mass spectrometer in the Stable Isotope 171 clustering (-cluster_otus) at 97 %. These OTUs were classified using the Ribosomal Database Project 221 naïve Bayesian classifier (37) . OTU clustering of dsrB amplicons and taxonomic classification of 222
OTUs was performed as previously described (25). OTU tables and classification tables were imported 223 into the R software environment (R core team, 2014) and analyzed there using native functions and the 224 sequence data processing software package phyloseq (39). First both datasets were filtered for samples 225 with more than 100 reads. Then relative abundances were calculated and OTUs with the highest 226 relative abundance in the negative controls were removed from the datasets. Additionally, samples with 227 a Bray-Curtis distance of less than 0.8 to the negative control were removed from the datasets. Only 228 samples present in 16S rRNA gene and dsrB dataset were kept for further analyses. The "clean" OTU 229 tables were then rarefied at the smallest library size. Alpha diversity indices for species richness 230 (Chao1) and richness and evenness (Shannon) were calculated for both 16S and dsrB for each sampling 231 station (40,41). PCoA plots of environmental influences on microbial beta diversity were made from 232 Bray Curtis dissimilarity matrices using the R community ecology package 'vegan' (42). 233
234
Modeling the environmental cell-specific sulfate reduction rate-isotope fractionation relationship 235
We applied the most recent mechanistic model of sulfur isotopic fractionation by SRM (43) to 236 our environmental system to evaluate whether the general parameters of the model, informed by 237 cultured isolates, can accurately predict fractionations expressed in situ. The model relies on measured 238 environmental parameters (including concentrations of sulfate and sulfide, and temperature), 239 equilibrium and kinetic fractionation factors, and the thermodynamics that determine the reversibility 240 of each step of the reduction pathway (43). Each of these parameters has been empirically evaluated for 241 at least one, and often several SRM. To evaluate the potential for species-weighted sulfate reduction 242 pathway enzyme kinetic parameters deviating from the values implemented in the model, each of these 243 enzymatic parameters (Vmax, Ks, Kp), for each enzymatic step was varied over several orders of 244 magnitude to assess the extent to which each would need to deviate from the model default in order to 245 result in the net fractionation observed. By evaluating the modeled relationship between environmental 246 sulfate reduction and the preserved signal of isotopic fractionation, we take a first step in exploring 247 whether the conundrum of genomic variability resulting in fractionation variability between isolate 248 cultures (12) is relevant to the net fractionation of sulfur by a community of organisms. 249
Results 250 251
Sediment and pore water chemistry 252
Moving downstream from the anoxic outlet sediments, channel sediments trended towards more 253 oxygenated, warmer, higher pH, less negative redox potential, lower concentration of dissolved sulfide 254 and a greater concentration of dissolved organic carbon (Table S3) . Sulfide values below the detection 255 limits of our assay (16 µM), were treated as having concentration 8±8 µM. 256 257
Sulfur isotopic composition of water and sediments 258
The majority of sulfur in GH4 sediments was chromium-reducible sulfur (CRS; Fig. S1 ). 
Sedimentary record of microbial sulfur isotopic fractionation 273
In order to constrain the fate of metabolic waste sulfide and the potential for additional isotopic 274 fractionations associated with secondary metabolisms, we take as possible fates: 1) remaining soluble 275 in sediment pore water, subject to export, 2) reaction with metals and precipitation as metal sulfides, 3) 276 biological or abiotic oxidation (Supplemental Materials, Fig. S3 ). The flux (φ) to each pool is 277 unknown, and so we plot outlier values, assuming φ to each pool is 1 (totality), using the measured δ 34 S 278 values separately for each recovered pool of AVS, CRS and S 0 per sampling station (Fig. S1 ). By 279 considering each case of φ=1, the fractionation to that pool from sulfate is equal to the fractionation 280 between source sulfate and the sulfide produced by microbial sulfate reduction. In cases where each of 281 these pools was recoverable, this generates a triangle of boundary fractionation values resulting from 282 microbial sulfate reduction. These are plotted against the range of net preserved signals of S isotope fractionation from the Outlet 299 and Channel-3 (Fig. 4) . On the same plot are measurements from a suite of SRM grown in vitro. For 300 the rates of reduction observed, fractionation was lower than would be predicted from SRM grown 301 under controlled conditions. 302
303
Relative abundance and diversity of 16S rRNA gene and dsrB 304 A total of 357,494 high quality 16S rRNA gene sequences were obtained, with an average of 305 44,687 sequences per sample replicate (n=8). For one replicate from each of the Outlet and Channel-4 306 stations too few reads were recovered or the community composition was too close to the negative PCR 307 control indicating contamination and only a single replicate was used for analyses. A high Good's 308 coverage (homologous coverage) of 98-99% (Table S5 ) of the libraries shows that most of the gene 309 diversity in the amplicons was represented by the recovered sequences. Overall analysis of operational 310 taxonomic units (OTUs) at the approximate species-level (97% sequence similarity) showed that across 311 all samples the sediments were moderately diverse (Chao1 208-549, Shannon 2.22-3.59; Table S5 ) and 312 dominated by the classes Gammaproteobacteria (18-66% of sequences), Deltaproteobacteria (4-14%) 313
and Clostridia (2-26%; Fig. 5A ). Within the known SRM taxa, the majority of sequences belonged to 314 families Desulfuromonadaceae (23-62% of Deltaproteobacteria sequences), Desulfobulbaceae (19-315 42%) and Desulfobacteraceae (3-44%; Fig. 5B ). Remaining Deltaproteobacteria families each made 316 up less than 2% of the class. Desulfuromonadaceae exhibited a marked increase in abundance with 317 distance from outlet, while Desulfobacteraceae exhibited a marked decrease along the same gradient. 318
A total of 140,441 high quality dsrB sequences were obtained, with an average of 17,555 319 sequences per sample replicate (n=8). Overall analysis of OTUs at 99% sequence similarity (25) 320
showed lower diversity compared to 16S rRNA-OTUs (Chao1 15-52, Shannon 0.80-2.17; Table S5 ) 321
and that Desulfobacteraceae (6-84%) and Desulfobulbaceae (9-94%; Fig. 5C ) dominated. The relative 322 abundance of these dsrB sequence types showed notable trends in the spring sediments; 323
Desulfobacteraceae dominated the outlet and upstream channel sediments (77-84%) and 324
Desulfobulbaceae dominated downstream channel sediments (87-94%). Remaining sequences were 325 most closely related to families that composed less than 2% of all dsrB sequences averaged across all 326 stations. Sequences related to the Desulfobacca acetoxidans lineage were the only other dsrB sequence 327 type to exceed 5% at of any individual station (Outlet; 8.7%). dsrB OTU distributions were more even 328 for the Outlet station compared to all Channel stations (Fig. 5D) . 329
As a first step in evaluating the role of a SRM community on the net fractionation of sulfur 330 isotopes in the environment, we queried a number of measured environmental factors at each sediment 331 sampling site, for correlation with alpha diversity indices of species richness (Chao1) and both richness 332 and evenness (Shannon) for both the 16S rRNA gene and dsrB (Fig. 6 ). Correlations were strongest 333 between temperature and dsrB Chao1 diversity (R 2 =0.93, p=0.01), oxygen and dsrB Chao1 diversity 334 (R 2 =0.81, p=0.04), and pH and 16S rRNA Shannon diversity (R 2 =0.88, p=0.02) ( Fig. S4) ; all other 335 correlation R 2 values were less than 0.65 and p values were greater than 0.1. Similarly, the same 336 metrics of alpha diversity were plotted with net fractionation. No significant correlations were 337 measured (R 2 ≤0.3, p≥0.3) (Table S6) . (Fig. 7 and Fig. S5) . 349
Discussion 350 351
The goals of this study were to evaluate whether a greater SRM species diversity would be 352 reflected in the magnitude of isotopic fractionation of sulfur isotopes, and also to compare fractionation 353 by a well characterized community in situ, to the fractionation observed from cultured isolates. We 354 described the sulfate reducing microbial community and the geochemical parameters expected to 355 influence that community, along a hypersaline Arctic spring sediment transect. We analyzed the 356 isotopic signature of sulfur fractionation along the same transect. Finally, we compared our findings to 357 those predicted by an isotope fractionation model informed by the geochemistry we measured. In doing 358 so, we apply a foundation of sulfur isotope fractionation measurements and models made from cultured 359 isolates to an environmental system. environmental parameters measured in this study, alpha diversity (Shannon) of species-level 16S rRNA 379 gene-OTUs was best correlated with pH ( Fig. 6 and Fig. S4) , while species-level dsrB OTU richness 380 (Chao1) was best correlated with the small differences in oxygen concentration and temperature 381 between stations. While causality is not evaluated by this study, the relationship between 16S rRNA 382 gene diversity with pH is consistent with numerous other studies that have explored this relationship 383 (50,51), though notably the directionality of the relationship appears related to the absolute pH, with 384 greatest diversity found at pH 7 and lower diversity at both higher and lower pH. The influence exerted 385 by pH may be tied to its control on nutrient availability. That dsrB diversity is associated with a 386 different set of environmental variables is not a novel finding. A similar study of 16S rRNA and dsr 387 gene biogeography, across a much larger physical scale of similar environments (52) found that while 388 16S rRNA gene diversity correlated to environmental parameters, dsrB diversity did not. dsrB 389 amplicon diversity responding differentially here, indicates unique selection on the subset of the 390 microbial community that carries this functional gene. A decreasing abundance of unique dsrB OTUs 391 with increasing oxygen is consistent with the anaerobic nature of most SRM and that oxygen tolerance 392 by organisms with this metabolism differs (53,54), such that at lower oxygen concentration there may 393 be a greater range of diversity in the genes of this pathway by nature of persistence of SRM with lower 394 oxygen tolerance. The inverse relationship between unique dsrB-OTU richness and the small 395 temperature variations in the spring is less clear. Notably there is a trend towards decreasing evenness 396 (as measured with Shannon diversity), and it may be that small temperature increases allow for one 397 SRM taxon to competitively edge out a number of others, decreasing dsrB-OTU richness. Given the 398 differences in gene identity between sites, both genes appear to be dispersal limited over the small 399 distance traversed by GH4, possibly due to constant unidirectional flow (Fig. S4) . 400
A driving question of this work was whether changes in SRM community richness and 401 evenness would correlate with net fractionation of sulfur isotopes. No correlation between any alpha 402 diversity metric and net fractionation was observed (Fig. 6) . Besides known caveats in using gene 403 amplicon-based data for quantifying diversity (25,55-57), there are numerous biological explanations 404 for this disconnect. One possible explanation is that increasing diversity of an environment favors 405 organisms with greater csSRR (c.f. Eqn.1.). While this might be expected during ecological succession 406 in an environment following a disturbance, it is not likely to be an ongoing process and so is unlikely to 407 be important in this long-term stable environment. Considering the second premise, it is feasible that 408 increasing diversity encompasses metabolically redundant individuals with both greater and lower 409 csSRR than a less diverse environment, and that the absolute number of sulfur molecules metabolized 410 multiplied by the fractionation associated with each organism results in net contributions to 411 fractionation that are similar enough so as to be indistinguishable from the signal produced by the less 412 diverse community (c.f. Eqn.1.). That is, the value of Eqn. 1 is very near to 0. In a similar way, despite 413 differences in community composition and measured diversity indices (Figs. 5 and 6) , an individual 414 taxon may be dominating both sulfate reduction and the net fractionation signal observed at each 415 sampling site. Without an assessment of the relative activities of the different SRM in each community, 416 our data set does not allow us to evaluate this explanation, but points towards logical extensions of this 417 work. The nature of addressing this hypothesis in an environmental setting may provide additional 418 explanations to consider. There may exist a threshold of alpha diversity, beyond which further 419 increases in diversity will no longer yield changes in fractionation. Above this threshold, differences in 420 species-specific contributions to fractionation will blend to the point that individual contributions are 421 overshadowed by environmental constraints on metabolite availability, in similar fashion to functional 422 stability exhibited in environments with substantial taxonomic variability (58,59). If this is indeed the 423 case, we can place lower limits on this threshold of dsrB Shannon diversity at a value of 0.8 and dsrB 424
Chao1 species richness at a value of 15. If most natural environments fall into this category, with 425 diversity above these thresholds (e.g. Jochum et al., 2017) , understanding the specific mechanisms of 426 fractionation within taxa is less important to determining net fractionation and interpreting the sulfur 427 isotope rock record than are environmental conditions. This further justifies examining the relationship 428 between diversity and net fractionation in vitro, on artificial communities of small sizes, that may be 429
representative of the functional diversity present when sulfate reduction appeared in geological time. 430
While future studies will benefit from a larger range of samples with varying alpha diversities, our data 431 still gives a first indication that net sulfur isotope fractionation is not affected by microbial composition 432 above a certain diversity threshold. 433
434
GH4 sulfur fractionation values were lower than model predictions 435
The inverse relationship between csSRR and observed fractionation of sulfur isotopes by SRM is 436 among the most enduring of explanations for variation in fractionation signals (1,4-6,10,61-64). It has 437 been proposed that environmental factors influence fractionation only to the extent that they influence 438 csSRR, and this relationship underlies the interpretation of paleoenvironments from sulfur isotopes in 439 the rock record, based on manipulated cultures of SRM. For the minimum csSRRs observed, 440 fractionation was lower than would be predicted from SRM grown under controlled conditions (Fig. 4) . 441
Actual csSRR of the active cell population is expected to be significantly higher, as only a fraction of 442 the microbial community is capable of sulfate reduction, and of those, activity is likely heterogeneous. 443
Finding that per cell activity would need to be much greater than calculated from bulk cell counts in 444 order to match the observed fractionation with those seen in culture is consistent with the finding that 445 only 3.5% and 8.7% of the microbes from each station are Deltaproteobacteria, a first order 446 approximation for the abundance of SRM, and validated by the taxonomic assignment of sequenced 447 dsrB genes largely to deltaproteobacterial families with bona fide SRM. However even by assigning 448 the bulk sulfate reduction to these putative fractions of SRM from each population, measured csSRR 449 was still lower than expected to generate the observed signal. Comparisons with the isotopic 450 fractionation model based on cultured SRB (Wing and Halevy, 2014) indicated measured csSRR was 451 still ≈2 to 10 times lower than expected to generate the observed signal. The simplest explanation to 452 resolve this discrepancy is that only ≈60% and 10% of the Deltaproteobacteria from Outlet and 453
Channel-3 sediments, respectively, are actively reducing sulfate in situ. Remaining 454
Deltaproteobacteria may be inactive, or may metabolize different substrates (i.e. fermenting organic 455 acids, or reducing iron or elemental sulfur, as Desulfuromonadaceae are known to). Recalculating the 456 csSRR using these revised numbers of actively respiring cells, the observed fractionation matches the 457 predicted fractionation. Heterogeneous activity within isolate cultures is well documented (65,66). 458
Though a distribution of activity within functional groups is expected in situ, the methods to evaluate 459 this activity on environmental in situ samples are only starting to be developed (e.g. environmental populations. Notably populations of enzymes adapted to cold temperature environments 471 exhibit higher specific activities than would be expected, to maintain catalytic rates comparable to 472 orthologous genes in warmer temperature regimes (69). To assess this discrepancy as a possible cause 473 for the differences between measured and modeled fractionation values, we manipulated in silico the 474 enzymatic kinetic parameters Vmax (the enzyme's maximum rate) and Km (the enzyme's half saturation 475 constant) associated with each enzyme, its substrates and products, in the sulfate reduction pathway 476 (Fig. 7 and Fig. S5 ). These manipulations treat the microbial community diversity of each enzyme type 477 as a single enzyme, but give an idea of the deviation for each parameter from those utilized in the 478 model (and based on empirical values) that would be required to yield the fractionation values 479 measured in GH4. Broadly to find better agreement between the csSRR-fractionation relationship 480 observed in GH4 and that observed in culture, the maximum velocity of each reaction would need to be 481 smaller, the saturation concentration of each enzyme's substrate would need to be greater, and the 482 saturation concentration of each enzyme's product would need to be smaller. Of 19 enzymatic 483 parameters (maximum rate V and half saturation constants Km associated with each substrate), 16 484 required a manipulation of four orders of magnitude or greater from the empirical values employed in 485 the model (see Wing and Halevy, 2014) in order to generate the measured fractionation values (Fig. 7  486 and Fig. S5) . 487
Notably all three enzymatic parameters requiring a change of less than three orders of 488 magnitude from the empirical value were associated with the Apr enzyme (i.e apr Vmax, KM_APS and 489 KM_ATP), which is responsible for the reduction of activated sulfate to sulfite. Two conclusions can be 490 drawn from this exercise. First given the known diversity of activity within cultured isolates, and the 491 expectation of similar and greater diversity of activity within a functional class of enzyme, we favor 492 heterogeneous activity accounting for the difference between measured and modeled fractionations 493 rather than enzymatic kinetic parameters at three or four orders of the magnitude of measured values. an impressive five orders of magnitude. We note that the potential for this discrepancy does exist, and 499 might reflect the nature of cultured organisms that grow quickly in lab environments and may possess 500 enzymes with substantially different kinetic potentials than the organisms that make up the bulk of 501 environmental samples. Further, work comparing enzyme kinetics measured in vitro and in vivo have 502 found differences approaching three orders of magnitude (71). However, while the heterogenous 503 activity of cells in the environment is well established, the range and weighting of enzymatic kinetic 504 parameters in situ are far less well explored. Second, variation in kinetic parameters associated with the 505 Dsr enzyme complex are more resilient to influencing net fractionation through the sulfate reduction 506 pathway than are comparable variations associated with the Apr enzyme (Fig. 7.) . Drawing a parallel 507 between sequence diversity and enzymatic kinetic diversity, we expect that only very large changes in 508 kinetic diversity of dsr would impart observable changes in fractionation. If changes in apr kinetics 509 have greater influence on fractionation, another iteration of testing the sulfate reduction pathway 510 diversity-fractionation hypothesis might better interrogate apr rather than dsrB. This approach would 511 inform whether there were differences in selection pressure between apr and dsr but would also require 512 environmental characterization of apr akin to what has been performed for dsrB (25) in order to 513 accurately capture its environmental diversity. Contrary to recent suggestions of a key role for Dsr in 514 controlling isotopic fractionation, these results indicate it is a departure from reversibility of the Apr-515 catalyzed reaction that controls the fractionation upon departure from equilibrium due to increasing 516 csSRR. The possibility of Apr acting as a bottleneck resulting in isotopic fractionation at low 517 respiration rates was described by Harrison and Thode six decades ago (1) and merits in vitro 518 experimental reconsideration in light of this and previous in silico analyses (Wing and Halevy, 2014) . This work allowed us to both examine the relationship between a fundamental ecological 538 parameter-alpha diversity-and a geologically preserved signal, and also to apply a recent 539 thermodynamics-based model of biological sulfur fractionation to a natural environment known to 540 contain an active microbial sulfur metabolizing community. The species-specific nature of the cell-541 specific sulfate reduction rate-isotope fractionation relationship suggested that communities of small 542 but varied composition would reflect that composition in the net fractionation of sulfur isotopes. Our 543 findings did not indicate that increased diversity, either in deltaproteobacterial 16S rRNA gene, or 544 sulfate reduction pathway gene dsrB correlated with greater measured fractionation. A significant 545 finding of this work is the difficulty in making predictions regarding environmental communities, from 546 the careful observation and manipulation of members of those communities in the laboratory. This 547 study indicates the complexity of measuring in situ functionally redundant metabolisms and makes a 548 first step towards teasing apart the relative contributions of specific taxa to the net products of that 549 metabolism. 550
Testable predictions resulting from by this study include: 1) quantifying the heterogenous cell 551 specific activity among members of functionally redundant taxa will yield greater congruence between 552 in vitro and in situ values of biological sulfur fractionation; 2) enzymatic kinetic parameters associated 553 with the majority of environmentally relevant sulfate reducing microbes are substantially different than 554 those associated with cultured sulfate reducing microbes; 3) apr gene diversity better correlates with 555 isotope fractionation than dsr gene diversity. Future work might take advantage of the many 556 environmental studies that have already characterized metagenomic or proteomic diversity and couple 557 those datasets to newly generated multiple sulfur isotope datasets from the same environments. Supplementary information accompanies this manuscript. 578 Fig. 1. Experimental rationale. A) This schematic representation of data presented in Harrison and Thode 1958 , Kaplan and Rittenberg 1964 and Chambers et al. 1975 illustrates the relationship between cell-specific sulfate reduction rate (csSRR) and the extent of isotope fractionation that has been used to interpret environmental conditions throughout Earth's history. B) Grown under the same conditions, different species of sulfate reducing bacteria fractionate isotopes of sulfur to widely varying extents, demonstrating the relationship in A) is species-specific. Each data point represents a different sulfate reducing species and each color represents a distinct set of growth conditions (modified from Detmers et al. 2001 ). This data set argues for a wide range of fractionation-csSRR trajectories (shaded), bound to an upper maximum by equilibrium fraction. C) Ecological theory predicts environments with greater diversity will maintain a greater biomass and a greater net rate of respiration (e.g. Cardinale et al., 2006), though biomass-normalized respiration rate may decrease if increasing species are functionally redundant (e.g. Power and Cardinale, 2009 ). D) Given a negative relationship between fractionation and csSRR, and a negative relationship between biomassnormalized respiration (comparable to csSRR) and diversity, we expect a positive relationship between isotope fractionation and diversity. The trajectory of this relationship is unconstrained by this hypothesis. Trajectory i represents a lag in metabolic redundancy with increasing diversity and progressively more redundancy with more diversity, trajectory ii represents a direct relationship between metabolic redundancy and diversity, trajectory iii represents a rapid increase in redundancy with increasing diversity and diminishing redundancy after an inflection point with diversity. 
